Previous studies suggested an association between atopic conditions and specific cancers. The results on the association with urothelial bladder cancer (UBC) are scarce and inconsistent. To evaluate the association between asthma and risk of UBC, we considered 936 cases and 1,022 controls from the Spanish Bladder Cancer/EPICURO Study (86% males, mean age 65.4 years), a multicenter and hospital-based case-control study conducted during 1998-2001. Participants were asked whether they had asthma and detailed information about occupational exposures, smoking habits, dietary factors, medical conditions and history of medication was collected through face-to-face questionnaires performed by trained interviewers. Since asthma and UBC might share risk factors, association between patients' characteristics and asthma was studied in UBC controls. Association between UBC and asthma was assessed using logistic regression unadjusted and adjusted for potential confounders. The complex interrelationships, direct and mediating effect of asthma on UBC, were appraised using counterfactual mediation models. Asthma was associated with a reduced risk of UBC (odds ratio (OR) 5 0.54, 95% confidence interval (CI) 0.37, 0.79) after adjusting for a wide range of confounders. No mediating effect was identified. The reduced risk associated with asthma was restricted to patients with high-risk non-muscle invasive (OR 5 0.25, 95%CI 0.10, 0.62) and muscle invasive UBC (OR 5 0.32, 95%CI 0.15, 0.69). Our results support that asthma is associated with a decreased risk of UBC, especially among aggressive tumors. Further work on the relationship between asthma and other atopic conditions and cancer risk should shed light on the relationship between immune response mechanisms and bladder carcinogenesis.
Introduction
Urothelial bladder cancer (UBC) is one of the major cancer types in Europe. It ranks in the 6th and 14th position in men and women, respectively, with an age-standardized incidence rate of 18 per 100,000 person-year for men and 3.4 for women. 1 Up to 85% of UBC do not invade the muscle (non-muscle-invasive bladder cancer, NMIBC). Low-grade NMIBC are characterized by high recurrence rate (30-85%) but an overall good prognosis. This is reflected in high costs that make NMIBC one of the most expensive diseases to manage. 2 Patients with tumors that invade the muscle (MIBC) have a worse prognosis: 50% of them die from their cancer with a 5-year relative survival rate for metastatic disease of only 5%. 2 Evidence exists on the role of chronic inflammation in bladder carcinogenesis. 3 An increased risk of squamous cell carcinoma of the bladder has been observed in patients with Schistosoma haematobium infestation or protracted catheter use, both responsible for chronic urothelial inflammation and/or concurrent infection. 3, 4 Furthermore, oxidants from tobacco smoke or from specific occupational exposures activate inflammatory cells which, in turn, generate high levels of reactive oxygen species. 5 In addition, a protective effect of long-term use of non-steroidal anti-inflammatory drugs (NSAIDs) has been reported 6 and an association with urinary tract infections (UTIs) has been suggested. 7 Asthma is a complex and heterogeneous condition characterized by chronic airway inflammation and airway hyperreactivity and by symptoms of recurrent wheezing, coughing and shortness of breath. 8 Asthma is increasingly viewed not as a single disease but as an heterogeneous trait consisting of multiple phenotypes, 8 among which the most frequent is T helper type 2 (Th2)-associated asthma, strongly related to atopy and allergy.
Research on the association between atopic diseases and malignancy is part of the emerging interdisciplinary field of AllergoOncology, 9, 10 which focuses on determining the interrelationships between cancer and IgE-mediated and Th2-biased cellular responses. The first papers in this field appeared in the sixties 11, 12 and to date researchers have provided evidence of a negative association between atopic conditions and several malignancies such as pancreatic cancer, glioma, leukemia and colorectal cancer, while positive associations have been observed between asthma and lung cancer (for a review see ref. 13 ). Two main theories may explain the relationship between atopic conditions and cancer. According to the immune-surveillance hypothesis, 14 atopic status is characterized by hyper-stimulation of an immune response that has enhanced ability to eradicate malignant cells at an early stage of tumor development. An alternative hypothesis relates to the constant state of inflammation that characterizes atopic subjects, atopy playing a role in carcinogenesis via various inflammatory mediators. 15 So far, few studies about the association between asthma and bladder cancer have been published, reporting conflicting results. Both Vesterinen et al. 16 and Kim et al. 17 identified an increased risk of bladder cancer related to asthma, although in the first study the increased risk was observed only in males. On the contrary, one study showed an inverse association between history of atopy (seasonal hay fever or asthma) and malignancy of endodermal origin (lung, gut, bladder, prostate) 18 and an additional one found no correlation between both conditions. 19 The aims of our study were to evaluate the association between asthma and risk of UBC and to examine whether this association varies by UBC sub-phenotypes as well as by known and shared risk factors.
Material and Methods

Study population
The study population included participants from the Spanish Bladder Cancer (SBC)/EPICURO Study. This is a hospitalbased case-control study conducted during 1998-2001 in 18 hospitals from five areas in Spain as described elsewhere. 20 All newly diagnosed, histologically confirmed UBC patients between 20 and 80 years of age were included. Control subjects were selected from patients admitted to participating hospitals for primary diagnoses believed to be unrelated to the UBC risk factors. The main reasons for hospital admission were diseases of the digestive system (49%) such as hernia (37%), appendicitis (3%) or other intestinal diseases (9%), injuries (31%) such as fractures (24%), hydrocele (12%), circulatory disorders (4%), dermatological disorders (2%) and other diseases (2%). Controls were individually matched to the cases for age (within 5 years), gender, ethnic origin and region of residence. Ethical approval was obtained from the centers' institutional ethics committee, and written consent was obtained from each subject.
Data collection
Out of 1,457 eligible cases and 1,465 controls, 84% and 87% were interviewed, respectively. Patient information was collected by trained monitors using a questionnaire administered via computer-assisted personal interview (CAPI). This included patient demographic characteristics, occupational exposures, smoking habits, dietary factors, medical conditions and history of medication use. All participants were asked whether they ever had asthma and/or chronic obstructive pulmonary disease (COPD). Since COPD is related to age and smoking-associated tumors, 21 we considered separately subjects with asthma from those with COPD using a fourlevel variable: (1) asthma only, (2) asthma and COPD, (3) COPD only and (4) neither asthma nor COPD. We considered all available environmental exposures and lifestyle factors which may act as potential confounders for the association between UBC and asthma. 22 Participants who had ever worked in high-risk occupations, such as workers in the printing, textile, transportation, electrical/gas/sanitary services and hotel/lodging industries, among others, were classified as at "high-risk occupational exposure." 23 Current smokers were defined as subjects that reported smoking regularly within a year of the reference date and former smokers as subjects that quit regular smoking >1 year before participation in the study. Regular smokers were classified into two groups according to the pack years smoked (<40 or 40 pack years). Never smokers were those subjects who never smoked >100 cigarettes in their life. Fruit and vegetables intake over the 5 years before diagnosis (cases) or before interview (controls) was estimated using a modified semiquantitative frequency food questionnaire of 127 items, previously validated in Spain. 24 We ascertained whether participants had ever consumed coffee and the average amount consumed per day during adult life, for both decaffeinated and regular coffee. 25 Medical history regarding urinary tract infection and related treatment, urinary stones and diabetes was also collected. Participants reported lifetime use of any anti-inflammatory or analgesic drug 26 and consumption of commonly used drugs (i.e., aspirin, paracetamol and metamizol) as well as a broader but homogeneous category of NSAIDs. 25-Hydroxyvitamin D3 (plasma 25(OH)D3) levels, that are negatively associated with UBC risk 27 and asthma, 28 were determined in patients from whom plasma was available (1,130 cases and 1,038 controls). 27 Clinico-pathological data regarding tumor characteristics were collected from cases after resection and revised by a panel of expert pathologists. Tumors were subsequently classified in three sub-phenotypes according to tumor stage (T) and histologic grade (G) as low-risk NMIBC (Ta G1/Ta G2), and high-risk NMIBC (Ta G3/T1 G2/T1 G3) and MIBC (T 2). 29 
Statistical analysis
Univariate and bivariate analyses. Variables were summarized as means, medians and standard deviations when continuous, and as percentages when categorical. During the curation of the data some cases were excluded from the analysis, thus breaking the matching structure; therefore, we applied unmatched tests and unconditional logistic regression models. The relationship between patient characteristics and asthma phenotypes and UBC was evaluated by v 2 test (nominal variables), v 2 test for trend (ordinal variables) and Kruskal-Wallis test (continuous variables). Associations between asthma and subject characteristics were studied only among controls.
Items that were statistically significantly associated with both asthma and UBC were included in the multiple models, together with age, gender and region to account for the matched sampling. In particular, all multiple regression models were adjusted for tobacco smoking, a known risk factor for UBC, also associated with asthma prevalence and severity. 30 The association of asthma with UBC sub-phenotypes was assessed by estimating relative risk ratios (RRR) using multinomial regression models. Analyses were further stratified by smoking status.
Differences were considered statistically significant at p < 0.05. All statistical analyses were performed using R version 3.2, 31 unless other otherwise indicated.
Imputation of missing values. Missing values for all the variables considered for the analysis (Supporting information  Table S1E ) were imputed by using the missForest algorithm (R package missForest 32 ), which is an iterative imputation method based on a random forest. All patients' information of interest for the analysis, including the outcome variable, was entered into the multiple imputation algorithms. After imputation of missing values the proportion of falsely classified entries for categorical variables was 0.11. The results reported are presented with substitutions made for missing values. Results obtained with the un-imputed data were used in a sensitivity analysis (Supporting information Table S4E ).
Counterfactual mediation model. We further explored the possibility that the association of asthma with UBC might be mediated by environmental risk factors. It is possible, for example, that UBC risk in smokers might be mitigated by the fact that subjects with asthma tend to smoke less. 33 By applying a counterfactual approach for mediation analysis, illustrated by the Directed Acyclic Graph in Figure S1E (Supporting information), the total effect (TE) of asthma on UBC (c) can be decomposed into a natural direct effect (NDE) of asthma on UBC (c 0 ) and a natural indirect effect (NIE) of asthma accounted by the effect of the putative mediators, such as smoking habits (a*b). In particular we applied the counterfactual approach proposed by Valeri and Vanderweele, 34 that was extended to exposure-mediator interaction for binary mediators and outcomes: for this reason all categorical variables considered were dichotomized. Mediation models were fitted with the paramed module in STATA 35 and the standard errors were generated using Monte Carlo bootstrapping with 1,000 replications.
Results
Study population
In total, 1,958 subjects (936 cases and 1,022 controls) with complete data on asthma were considered for analysis. 86% of the subjects were males and 82% were older than 55 years (Table 1) .
Simple and multiple associations
Characteristics of controls stratified by asthma status are reported in Supporting information Table S2E . Prevalence of asthma among controls was 9.10%. Descriptive characteristics of controls by asthma status are reported in Supporting information Table S2E . A positive association with asthma was observed with increased BMI, fruit and coffee consumption and in subjects who were treated with phenazopyridine for UTI and regularly treated with metamizol (dipyrone) and other pyrazolone derivatives (Supporting information Table  S3E ). All these associations were confirmed after adjustment for age, gender and region.
Prevalence of asthma among cases was 5.45% and risk of UBC was lower for patients with asthma (adjusted for matching variables: OR 5 0.56, 95%CI 0.39-0.80) ( Table 2 ). This negative association was confirmed when the model was further adjusted for covariates associated with both asthma and UBC, i.e. BMI, fruit consumption, coffee consumption, treatment for UTI and smoking (OR 5 0.54, 95%CI 0.37-0.79, Table 2 ).
When the four-level variable that combines asthma and COPD was considered as predictor in a logistic regression model adjusted on matching variables, a significant negative association with UBC was observed for the "asthma only" category (OR 5 0.48, 95%CI 0.28-0.83, p 5 0.008). The association with the "asthma and COPD" category was borderline significant (OR 5 0.64, 95%CI 0.40-1.02, p 5 0.06), while no association was observed with COPD (OR 5 1.15, 95%CI 0.83-1.59, p 5 0.40). Similar results were obtained after adjustment for a wide range of confounders (Table 2) . No association with decaffeinated coffee consumption was observed.
In sensitivity analyses, we compared estimates for the association between asthma and UBC using non-imputed data: the negative association between asthma and UBC was confirmed after adjustment for matching variables (OR 5 0.56, 95%CI 0.39-0.80, p 5 0.001). When the fourlevel variable was considered, the results were similar to those obtained using imputed data (Supporting information Table  S4E ).
The association between UBC and asthma varied according to smoking status (p for interaction < 0.001): the significant negative association with asthma, after adjustment for matching variables, was noted only in never (OR 5 0. When cases were grouped according to cancer subphenotypes, the reduced risk associated with asthma was restricted to patients with high-grade NMIBC (OR 5 0.37, 95%CI: 0.15-0.93) and MIBC (OR 5 0.35, 95%CI: 0.17-0.73) ( Table 3 ).
Counterfactual mediation model
BMI, fruit intake, treatment for UTI and coffee intake, together with smoking met the criteria for a variable to be 
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considered a mediator 36 as they were associated with both UBC and asthma and were included in this analysis. Results of mediation analyses confirmed the negative association between asthma and UBC (Supporting information Table  S5E ) and suggested that no other risk factors for UBC act as mediators in the association between asthma and UBC. All the estimates accounted for possible interactions between asthma and the exposures and were adjusted by a wide range of confounders.
Discussion
Using data from a large case-control study on UBC, we observed a negative association with asthma, especially in patients with aggressive UBC. This association remained consistent after controlling for smoking habits or other covariates that are commonly associated with both asthma and UBC and it was absent among subjects reporting COPD. Our results are in line with previous findings reporting a lower frequency of allergy in patients with endodermal malignancies (lung, gut, bladder and prostate) when compared to their matched controls. 18 To the best of our knowledge this is the first study that explores in detail the role of common potential risk factors in the association between atopic diseases and UBC, by considering a wide range of exposures and applying different statistical approached.
The biological basis for the suggested protective effect of atopic diseases on UBC is not known but could be due to antitumor effects of type I immunoglobulin E (IgE)-mediated immune activity. Asthma is a complex disease that consists of several phenotypes: 37 more than half of patients with asthma also report atopy. 38 In atopic asthma, exposure to environmental allergens induces the development of T-helper 2 (Th2) cells, whose activity is associated with increased IgE levels in blood and increased numbers of inflammatory cells including neutrophils, followed by eosinophils, monocytes and lymphocytes. Many IgE effector cells, such as eosinophils, basophils and mast cells, may infiltrate solid tumors with the potential to play an important role in antitumor activity. 39 Tumor-associated tissue eosinophilia has been associated with good prognosis in bladder 40 in addition to laryngeal carcinoma and lung adenocarcinoma. 41 Moreover, reports applying immunotherapeutic approaches and recent in vitro and in vivo studies suggest that eosinophils are tumoricidal in bladder cancer. 42 Increased levels of both IgE and eosinophils have been observed in other disorders such as helminthic infections, for which the deadliest complication is bladder cancer. 43 Zacharia and Sherman hypothesized that, in helminth-endemic areas, individuals that exhibit strong atopic responses will be less often affected by bladder cancer than individuals that respond less strongly or not at all. The mechanisms involved in the association of non-atopic asthma to UBC may be similar to those of atopic asthma, as suggested by El-Zein et al. 19 who observed a similar decreased effect on UBC for both allergic and non-allergic asthma. Th2-associated inflammation and IgE production are also features of non-atopic or intrinsic asthma, although the etiology of what drives this process remains unknown. 44 The negative association between UBC and asthma was more prominent among patients with aggressive UBC, including high-risk NMIBC and MIBC. There is extensive genetic evidence in the literature supporting the notion that the high-risk NMIBC is a precursor to the MIBC 2,45 suggesting that distinct genetic and microenvironmental features of the aggressive tumors underlie the association with immune responses.
43
In our model, we hypothesized that the role of asthma status on UBC was mediated by environmental risk factors. The mediation models suggested that asthma directly affects risk of UBC, at least for the available exposures in the study. However, other factors may play a role in the causal pathway, such as the use of corticosteroids or genetic factors. Hence, further studies are needed to better understand the mechanism underlying the association between asthma status and UBC.
Our study has some limitations. Recall bias for asthma might have affected our estimates. Nevertheless the prevalence of asthma among controls in our study was comparable to the rates reported in the literature. 46 Moreover, the lack of association with COPD indicates that the protective effect of asthma was not only due to recall bias. Confounding was dealt with by controlling for several risk factors known to be associated with UBC and that showed to be associated also with asthma. Even though asthma was not associated with smoking status among controls, we accounted for smoking habits in all our multiple models, because of the know association between smoking and respiratory diseases. 30 A possible misclassification of COPD as asthma was excluded after a sensitivity analysis that showed an inverse association between "only asthma" and UBC and no association with COPD. We also accounted for occupations that are thought to be at high risk for UBC, since asthma patients might avoid jobs (e.g. in printer industries) characterized by contact with some carcinogens, such amines or polycyclic aromatic hydrocarbons, which are also often irritants. Although occupational asthma attributable to amines is infrequent, 47 we cannot exclude that the negative association with UBC is independent from such exposures. One of the main strengths of our study relates to the populations under study. The study is based on a large sample size that enabled a precise estimate of the association between asthma and UBC. Furthermore, cases were histologically confirmed and reflect the real spectrum of UBC patients. For both cases and controls detailed individual data on demographics, lifestyle and environmental exposures were available enabling us to properly control for the main potential confounders. A further strength regards to the use of the counterfactual mediation model, which confirmed the negative association between asthma and UBC.
Our results support that asthma is associated with a decreased risk of UBC. These findings corroborate results from previous studies linking atopic status and cancer. Future studies should consider other atopic conditions to provide further evidences to the role of the immune response mechanisms in bladder carcinogenesis.
